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The placenta is one of the most morphologically variable mammalian organs.
Four major characteristics are typically discussed when comparing the
placentas of different eutherian species: placental shape, maternal—fetal inter-
digitation, intimacy of the maternal—fetal interface and the pattern of
maternal—fetal blood flow. Here, we describe the evolution of three of these
features as well as other key aspects of eutherian placentation. In addition to
interspecific anatomical variation, there is also variation in placental anatomy
and function within a single species. Much of this intraspecific variation occurs
in response to different environmental conditions such as altitude and poor
maternal nutrition. Examinations of variation in the placenta from both
intra- and interspecies perspectives elucidate different aspects of placental
function and dysfunction at the maternal—fetal interface. Comparisons
within species identify candidate mechanisms that are activated in response
to environmental stressors ultimately contributing to the aetiology of obstetric
syndromes such as pre-eclampsia. Comparisons above the species level ident-
ify the evolutionary lineages on which the potential for the development of
obstetric syndromes emerged.

1. Introduction

The placenta is the conduit between the mother and fetus and directs fetal growth
and development by acting as a source of nutrient exchange [1]. The placenta
mediates the transfer of nutrients, including oxygen, amino acids, lipids and glu-
cose from the mother to the fetus and provides a method for fetal waste excretion
by way of the mother [2]. While these functions are conserved among placental
mammals (i.e. eutherians), the morphology of the placenta is not [3]. Here we dis-
cuss interspecific placental variation in terms of how major characteristics of
placental morphology differ within the eutherian mammals. Specifically, we
focus on the shape of the placenta, the intimacy of the maternal-fetal interface
and the interdigitation pattern of the trophoblast in relation to the maternal
tissue [4]. We then discuss how these characteristics can shed light on multifactor-
ial obstetric syndromes associated with human placental dysfunction. Lastly, we
examine how environmental stressors such as hypoxia and poor nutrition can
drive placental plasticity, and how adaptations to these stressors can provide
insight into the aetiology of obstetric syndromes [5-7].

2. Placental variation in Eutheria

The placenta is arguably one of the most variable organs in the animal kingdom.
There are many characteristics that can be used when comparing the placentas of
different species. Here, we focus on three of the four major and most variable
characteristics (placental shape, intimacy of maternal—fetal interface and placental
interdigitation). The fourth major feature involves the arrangement of the maternal
and fetal bloodstreams [4]. This feature partially determines the physiological dif-
fusion efficiency of the various molecules exchanged between mother and fetus
[2]. Unfortunately, this feature has not been described in enough mammalian
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Figure 1. Placental interdigitation across primates. Cross-sectional view of two types of maternal —fetal interdigitation found in primates: trabecular (a) and villous
(b). The trabecular interdigitation pattern is characterized as branching globular folds that terminate in villi and this is seen in tarsiers and platyrrhines. The fetal
trophoblast cells (red) surround the fetal villi (purple), which contain fetal blood (purple) separating the fetal blood from the maternal blood located in the
intervillous space. The villous interdigitation pattern is found in catarrhines and strepsirrhines, and this is characterized by a branching villi pattern [4]. TR, tropho-
blast cells; VI, villi; VS, maternal intervillous space. Adapted from [18]. (Online version in colour.)

species to reconstruct its evolutionary history accurately.
Humans have a relatively inefficient multivillous exchange
system [4]. The other three major features of the placenta are
better described across mammalian diversity. The placental
shape describes the pattern that makes contact with the uterine
wall where nutrient exchange occurs. The maternal—fetal inter-
face describes the type of barrier that separates the maternal and
fetal tissue. Placental interdigitation refers to how the tropho-
blast and maternal blood supply are interwoven. These, as
well as other characteristics, can be used to study different
aspects of placental and fetal development.

There are five commonly described placental shapes that
are found among eutherians [4]. The most common placental
shape is the discoid placenta where the placental tissue
makes contact with the uterine wall in the shape of a single
disc. This shape was present in the most recent common
ancestor of placental mammals [3,8,9]. The zonary placenta
was the first shape to diverge from the ancestral discoid pla-
centa and is present in some afrotherians such as the
members of Sirenia and the African elephants as well as the
carnivores of the laurasiatherian clade [3,9-12]. Another evo-
lutionarily derived placental shape is the diffuse placenta
present in some primates and most of the cetartiodactyls
(i.e. cetaceans and artiodactyls) except bovines [3,4]. The diffuse
placenta has a large surface area for contact with the uterine
wall, allowing a high surface area for maternal—fetal nutrient
exchange. Bovines have a cotyledonary placental shape which
is characterized by many ‘polka dot” like attachments to the
uterine wall [4]. Among primates, there are three different pla-
cental shapes, the diffuse placenta of the strepsirrhines, the
discoid placenta present in humans, other apes, some catar-
rhines and platyrrhines, and the bidiscoid placenta (i.e. the
placenta attaches to the uterine wall as two discs that share
an umbilical cord). In this case, one disc attaches on the anterior
and the other disc attaches to the posterior wall of the uterus
[4]. The bidiscoid placental shape is found in a subset of anthro-
poid primates, including some macaques and marmosets [3].
The different placental shapes among eutherians indicates
varying amounts of contact between the mother and the

fetus, with the diffuse placenta typically having relatively the
most and the discoid having the least surface area for contact
and nutrient exchange [13].

Another way to compare and classify placentas of different
species is through looking at differences in their interdigitation
pattern, or the way the fetal tissue interacts with the maternal
tissue [14]. There are five different types of placental interdigi-
tation observed in eutherians (labyrinthine, villous, trabecular,
lamellar and folded) [4]. The most recent common ancestor of
placental mammals is inferred to have had a labyrinthine pat-
tern of interdigitation [3]. This pattern is present in most
placental mammals, including all afrotherians, Glires (rodents,
rabbits and allies), soricid shrews, moles, hedgehogs and bats
[3,15,16]. One characteristic of the labyrinthine interdigitation
pattern is web-like channels containing either maternal or
fetal blood [4]. When xenarthrans (e.g. sloths, armadillos,
anteaters) diverged from the other placental mammals they
evolved a trabecular interdigitation pattern, in which globular
folds of trophoblast terminate in branching villi-like tubes
known as trabeculae [3,17]. Three different types of placental
interdigitation are present in Euarchontoglires. Rodents, lago-
morphs, scandentians and dermopterans have a labyrinthine
interdigitiation pattern. Primates either have a trabecular inter-
digitation pattern, seen in tarsiers and platyrrhines, or a villous
interdigitiation pattern seen in catarrhines and strepsirrhines
(figure 1a). In catarrhines, fetal villi project into the maternal
endometrium [18] (figure 1b). One feature that distinguishes
platyrrhine trabeculae is the presence of prominent maternal
channels lined with endothelium [19]. Within Laurasatheria,
perissodactyls and artiodactyls have a villous interdigita-
tion pattern, with the exception of pigs, that have a folded
interdigitation pattern, i.e. fetal tissue folding in and out of
maternal tissue. Some carnivores have a more complex folding
pattern known as a lamellar interdigitation. Two crown
laurasiatherian orders maintain the ancestral labyrinthine
interdigitation, and these are Soricomorpha and Chiroptera [4].

One of the most studied characteristics that can be used to
classify eutherian placentas is the type of interface between
the fetal tissue and the maternal blood [4]. They range in
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Figure 2. Three types for interface between the mother and the fetus. Histological examples of the three different levels maternal —fetal interface seen across the
eutherians. (a) Section of placental tissue from a giraffe which has an epitheliochorial interface where the mother and the fetus are separated by layer of uterine epithelial
cells (EPI) and maternal endothelial cells (ENDO). () An example of an endotheliochorial placenta of a three toed sloth originally from [12]. This type of placenta has one
layer of maternal endothelial cells (ENDO) separating maternal blood from the trophoblast. () An example of a haemochorial placenta of a degu, a rodent from [20]. The
haemochorial placenta is the most invasive maternal —fetal interface with fetal trophoblast in direct contact with maternal blood. ENDO, maternal endothelial cells; EPI,
maternal epithelial cells; Syn TR, syncytiotrophoblast; FC, fetal capillary; MBC, maternal blood channel. With permissions from the publishers and authors.

levels of intimacy, i.e. the degree of separation or number of
layers separating the fetal and maternal tissues. The least inti-
mate is the epitheliochorial placenta where there is a layer of
uterine epithelial cells opposed to a layer of trophoblast cells,
limiting interaction between the maternal blood and fetal
tissue [4] (figure 2a). This type of barrier has evolved inde-
pendently multiple times during eutherian evolution, and it
is a derived character state [13] (figure 3). The second most
invasive barrier is the endotheliochorial interface where,
after implantation, the uterine epithelium is degraded leaving
only the maternal endothelium adjacent to the trophoblast
(figure 2b). The endotheliochorial interface is found in some
afrotherians (elephants and aardvarks), some Euarchonto-
glires (tree shrews) and some laurasiatherians (moles, most
carnivores and some chiropterans) [13]. The most intimate
form of maternal—fetal interface is the haemochorial barrier,
in which both the maternal epithelial cells and maternal endo-
thelial cells are degraded leaving only the trophoblast cells in
direct contact with the maternal blood (figure 2c). This is the
most widespread type of interface present in all four of the
major eutherian superordinal clades (i.e. Xenarthra, Afrotheria,
Laurasiatheria and Euarchontoglires). The haemochorial inter-
face has also been inferred to represent the ancestral state of
extant placental mammals [3,8] (figure 3). The haemochorial
arrangement has also been described to vary in the number of
trophoblast layers that surround the syncytium [26]. The
haemo-monochorial placenta has a layer of syncytium not sur-
rounded by cytotrophoblast, haemo-dichorial placentas have a
layer of cytotrophoblast on the fetal side of the syncytium; and
lastly, the haemo-trichorial placenta syncytium is surrounded
by a layer of cytotrophoblast on the maternal and fetal sides
[4,26]. A haemochorial state requires the tolerance of the
maternal immune system towards paternal antigens since the
placental tissue expresses both maternal and paternal antigens
[27]. If immune tolerance is disrupted, problems with placental
function may occur [28]. The great variation in placenta mor-
phology across the eutherian mammals makes it more
complicated to design animal models to study human diseases
associated with placental dysfunction.

3. Comparative placental transcriptomics

Sequencing technology allows us to identify genes that are dif-
ferentially expressed across the different eutherian mammals.

One study involving the placenta transcriptome used next-
generation sequence technology to sequence the placenta
transcriptome of the African elephant (Loxodonta africana) and
compared it to previously published transcriptome data from
humans, mice, cows, platypuses and chickens. Roughly 3000
genes were expressed in the placentas of all sampled euther-
ians. The list of these genes is over-represented by genes
associated with many annotations, including 128 genes related
to stress (e.g. corticosteroid signalling). One class of corticoster-
oid, glucocorticoids, has increased expression in cases of
reduced fetal growth [29,30]. The conservation of corticosteroid
signalling gene expression in the placenta suggests an ancient
origin of the mechanism of response to stress across eutherian
mammals. Other studies have used placenta transcriptomes of
several equines to study parent of origin effects and genetic
imprinting, where the fetus inherits genes from either the
mother or the father [31,32]. One study compared placental
transcriptomes of horses, donkeys and their crosses (mules
and hinnys) and found that a majority of the genes that were
significantly different were paternally expressed, showing
that the father’s size has some influence in determining the
size of the fetus [31].

Placental transcriptomics has also identified novel splice
variants that are processed differently in various eutharian
species. Prolactin (Prl) for example, a gene involved in regulat-
ing lactation in placental mammals, has many alternative
transcripts [33]. Placental mammals such as dogs and armadil-
los show no evidence of a myometrial Prl transcript, while
humans, some New World monkeys, mice and elephants
all express Prl transcripts; however, each species expresses
different splice variants with alternative transcription start
sites [34]. Another gene that has multiple alternative transcripts
across the placental mammals is the gene encoding aromatase
(CYP19). Aromatase converts androgens into oestrogens, and
thus plays a role in regulating placental growth [35-37].
There is a placenta-specific CYP19 gene isoform in bovines,
ovines and humans, but not rodents [35,38,39]. The human
CYP19 isoform contains a long terminal repeat (LTR) that func-
tions to localize CYP19 to the syncytiotrophoblast [35,40]. This
LTR is most probably an endogenous retrovirus. This retro-
virus was integrated into a promoter region, and therefore
effects transcription of the gene. Endogenous retrovirus inte-
gration may have played a role in the evolution of the
primate placenta [35]. Other human genes which play a role
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Figure 3. Evolution of the maternal —fetal interface. Maximum-parsimony phylogenetic reconstruction of the maternal —fetal interface of 141 mammals through
parsimony analysis showing the root placental mammal having a haemochorial placenta (white) with epitheliochorial (black) and endotheliochorial (green) as
divergent states [3,8,21—24]. Tree topology taken from [25]. (Online version in colour.)

in placental development and function that contain endogen-
ous retroviruses include the syncytins (encoded by ERVIW-1
and ERVFRD-1). Syncytin-1 plays a role in cell fusion during
trophoblast formation and is expressed throughout pregnancy.
The main role of syncytin-2 is the suppression of the maternal
immune system, but unlike syncytin-1, expression declines as
pregnancy progresses [35,41]. It has been shown that down-
regulation of syncytin-1 is associated with pre-eclampsia [42].
Interestingly, syncytin genes have evolved independently
over the course of eutherian evolution [43]. Mice, for example,
also express a pair of syncytins, syncytin-A and syncytin-B.

Like syncytin-2, syncytin-B has immunosuppressive properties
not seen in syncytin-1 or syncytin-A, both of which play a role
in cell fusion during syncytiotrophoblast and trophoblast giant
cell formation, respectively [43]. The Blind mole rat placenta
expresses SynA and SynB, but these genes are not present in
the Naked mole rat genome [44]. The human syncytin genes
have trophoblast-specific enhancers that contain binding sites
for transcription factors such as glial cell missing 1 (GCM1),
that induce the expression of the syncytins [45]. GCM1 is a tran-
scription factor that is specifically expressed in trophoblast cells
and has been shown to increase syncytin-1 when overexpressed
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in trophoblast cell lines [46,47]. Other genes that have been
shown to have placental-specific promoters or enhancers
include rat placental lactogen 2 (rPLII) and AP-2 [48,49].

There are other larger gene families that have placenta-
specific members [35]. One example is the human leucocyte
antigen (HLA) gene family. HLA-g is a placenta-specific
immune system gene that plays a role in trophoblast invasion
[50]. Another example of a eutherian-specific gene expressed
in placenta that acts differently in various eutherian species is
placenta-specific 1 (PLACI) [51]. This gene is mainly expressed
in the placenta but may also be expressed in the testis [35,52].
Orthologues of PLACI are found only in placental mammals
[35,51,52]. PLAC1 is expressed throughout gestation in
humans but only during e7.5-e14.5 in rodents [53,54]. Galec-
tins are another gene family with placenta-specific members
that play a role in the maternal-fetal immune tolerance and
implantation [55]. All members of this family are expressed at
the maternal-fetal interface [56]. The placenta-specific galectins
are located in a cluster on chromosome 19. This chromosome
contains many placenta-specific genes including the preg-
nancy-specific glycoproteins and a cluster of placenta-specific
microRNAs [57,58].

4. Animal models for placental dysfunction

Owing to the wide variation among placental mammals, it is
challenging to develop animal models of obstetric syndromes
associated with placental dysfunction [59,60]. While some
mouse models have been used to study obstetric syndromes
associated with placental dysfunction, such as implantation
failure, miscarriages and pre-eclampsia, the results may
not be directly relevant to the human condition [60-63].
One difficulty to overcome with mouse models of obstetric
syndromes is the relatively superficial invasion of the fetal
tissue into the maternal decidua [27]. Human placentas typi-
cally have a deeper invasion into the maternal myometrium
than mice, and since pre-eclampsia is characterized by
relatively shallow trophoblast invasion (i.e. the typical con-
dition in mice), studies of reduced placental invasiveness
may be difficult to model using mice [64]. Also, the cellular
make-up of the murine placenta is different than the
human placenta. Mice have polyploid trophoblast giant
cells. Like human cytotrophoblast cells, these giant cells regu-
late uterine implantation. Mice also have a layer of
spongiotrophoblast similar to the human extravillous tropho-
blast [65]. Sheep have also been used to study placental
dysfunction [66]. Sheep pregnancy has been used to model
human intrauterine growth restriction by inducing maternal
hypothermia, removal of endometrial caruncles to limit pla-
cental growth, limiting blood supply through the restriction
of uterine blood flow and maternal overnutrition [66]. All
these methods result in altered oxygen and nutrient transfer
leading to a decrease in fetal growth [66]. Guinea pigs have
also been used to model human placentation, because they
share features with humans [60]. Guinea pigs have smaller
litter sizes, longer gestation and deeper trophoblast invasion
than other rodents [60,67]. Guinea pig models have been devel-
oped to study placental transfer and intrauterine growth
restriction [60,68,69].

Pre-eclampsia is an example of an obstetric syndrome related
to shallow trophoblast invasion [70,71]. In pre-eclampsia, the
spiral arteries that supply maternal blood to the developing

fetus are poorly remodelled due to decreased trophoblast [ 5 |

invasion; therefore blood supply to the fetus may be limited
[72-74]. Some studies have identified non-human primate
models that can be used to study placental invasiveness
especially in those with a bidiscoid placenta such as the rhesus
monkey [75,76]. Pre-eclampsia is typically thought to be a
human-specific syndrome [75,77]. However, recent work has
challenged this view, primarily due to the fact that placental
invasiveness is also quite deep in the closest relatives of
humans, chimpanzees and gorillas [78—-80]. Thus, it is likely
that the potential for pre-eclampsia due to dysregulation of pla-
cental invasiveness predated the most recent common ancestor
of humans, chimpanzees and gorillas during the Miocene.
A recent study supporting this hypothesis examined the evo-
lution of orthologous protein coding gene sequences and
found evidence for adaptive evolution (i.e. positive selection as
measured through comparison of non-synonymous and synon-
ymous substitution rates) in genes associated with the more
invasive phenotype seen on the evolutionary lineage leading
to the most recent common ancestor of these three species [81].
In particular, genes associated with immune function, regulation
of blood vessel size and hypertension were enriched among the
adaptively evolving genes. These findings suggest that the mol-
ecular mechanisms for the induction of pre-eclampsia were in
place long before the evolution of modern humans.

5. Natural human models for studying placental
dysfunction

While animal models can be useful for studying specific
symptoms associated with the complex diseases involving
placental dysfunction, some researchers have begun using
environmentally variable, natural human models to study
the genetic and morphological differences associated with
placental dysfunction [6,82,83]. The human placenta brings
practical advantages to biomedical studies as it is a tempor-
ary organ that, like the fetus (i.e. the child), is delivered [4].
Some human populations that have been used to study
placental morphology in regard to placental dysfunction are
high altitude natives as well as multigenerational populations
who experienced periods of poor nutrition in at least one
generation [5,6].

Populations native to high altitude, such as native Andeans
and Tibetans, are candidates to study how hypoxic condi-
tions affect the placenta and contribute to complex obstetric
syndromes such as intrauterine growth restriction and pre-
eclampsia [5,83]. These populations also allow for a case—
control-type experimental design in which high altitude
native populations are used as the case populations and natives
in low altitude regions can be used as the control populations
[82]. The natives of the Tibetan Plateau and Andes Mountains
have been exposed to hypoxic conditions for roughly 20 000
and 10 000 years, respectively [84,85]. Infant cohorts exposed
to the hypoxic conditions of high altitude during gestation
experience lower than average birthweights when compared
with their sea-level counterparts [86]. The exceptions to this
pattern are infant cohorts born to mothers who have an ances-
tral pattern of high altitude hypoxia. These infants exhibit
birth-weights comparable to those at sea-level, suggesting
some level of adaptation to the hypoxic environment [85].
Morphological studies of placentas of high altitude dwelling
individuals show an increased capillary surface area and
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greater placental mass. These features combine to increase the
total area for oxygen exchange between the mother and fetus
[87]. Physiological studies have shown that Andeans and Tibe-
tans are different at high altitude with Tibetans being more
adapted to high altitude with attributes more similar to sea-
level populations [84]. Genetic studies have shown that differ-
ences in the genetics between Andean and Tibetans resulted in
convergent phenotypic evolution between high and low alti-
tude populations [85,88,89]. Recently, a genome-wide study
compared two populations native to high altitude for several
millennia: (i) the native inhabitants of the Tibetan Plateau
and (ii) the native inhabitants of the Andean Altiplano of
South America. These populations have been exposed to
chronic hypoxia, using low altitude individuals as control
populations. In 2010, Bigham et al. were able to identify gene
regions and single nucleotide polymorphisms (SNPs) that
show evidence of positive selection (i.e. adaptive evolution).
Of the dozens of genes identified, one deserves special
attention. EGLN1 encodes hypoxia-inducible factor prolyl
hydroxylase 2, a protein that regulates the expression of
HIF-1a, the transcription factor responsible for the hypoxic
response [90]. EGLN1 shows evidence for positive selection at
25 SNPs in Andeans and 28 SNPs in Tibetans [89]. This finding
suggests there is a genetic basis for the adaptation to hypoxia in
these populations, and future work should test how these posi-
tively selected SNPs affect the oxygen exchange between the
mother and fetus via the placenta. This is important since
recent migrants to high altitude tend to have offspring with
relatively low birthweights compared with their native
counterparts who have evolved adaptions to hypoxia [91].
Another class of human populations that have shed light on
placental plasticity are those in which pregnant woman were
exposed to periods of low nutrient availability during all or
part of their pregnancy. One of the first studies using famine
as a mediator of fetal growth and development examined
samples from a Dutch population who had suffered through
the famine during the Second World War [6]. Famine studies
have shown that those women who were exposed to famine
conditions during their third trimester had offspring with
low fetal birthweights as they experienced limited nutrient
availability [6,92]. Those who experienced famine conditions
during their first trimester produced offspring with heavier
placentas. This was thought to be an adaptive mechanism to
allow for increased surface area for nutrient exchange [7].
Epigenetic studies have also examined placental gene
expression and placental methylation differences in famine
populations and those individuals with low birthweights.
They found differential expression in genes associated with
fetal growth as well as differential methylation in those
growth-related genes [93-95]. One study examined differential
methylation along insulin-growth factor 2 (IGF2) [95], a gene
known to promote fetal growth [96]. This study used whole
blood from 60 individuals conceived during the Dutch
famine and compared them with their control, same sex, sib-
lings born before or conceived after the famine [95]. The
study describes five methylation sites along the promoter
region of IGF2 and found decreased methylation across all
sites in the famine-exposed individuals when compared with
the control siblings. This finding suggests that during times
of low nutrition, genes such as IGF2 can be differentially
methylated and potentially provide a link between maternal
nutrition and fetal gene expression [95]. These results add
another layer of placental adaptation in which during times

of low nutritional availability, the placenta responds by [ 6 |

either expanding in size to increase surface area of nutrient
exchange or repressing genes associated with fetal growth in
order to protect the mother.

Low birthweight as a result of poor maternal nutrition not
only affects the conceptus during fetal development but also
impacts their adult life [97]. According to the Developmental
Origins of Health and Disease (DOHaD) paradigm, low fetal
birthweight can lead to complications such as diabetes, obes-
ity and renal malfunction later in life [98]. This has been
hypothesized to be an adaptive mechanism, as the fetus has
become accustomed to the low nutrient environment in the
womb. Later, if the child is exposed to a healthy, more
enriched diet after birth, their body reacts differently than
would children who had sufficient nutrients during fetal
development. This reaction to a more enriched diet after
birth can result in poor outcomes later in life including
obesity and obesity-related conditions [99].

6. Parent—offspring conflict

Robert Trivers pioneered investigations on the conflict between
the parents and their offspring. Trivers defined parental invest-
ment as, ‘any investment by the parent in an individual
offspring that increases the offspring’s chance of surviving
(and hence reproductive success) at the cost of the parent’s abil-
ity to invest in other offspring’ [100, p. 139]. In this manner, the
survivability of future offspring is affected if the current off-
spring takes an excess amount of maternal resources, limiting
the amount of resources available to the offspring’s future
siblings [101].

David Haig extended the idea of parent—offspring conflict
by adding that there is also conflict between the mother and
the fetus. In this view, the fetus aims to extract the maximum
amount of maternal nutrients (thus engendering conflict), but
the mother and the fetus must also cooperate during a normal
pregnancy [102,103]. Trophoblast invasion is an example of a
balance between maternal-fetal conflict and cooperation.
During a normal human pregnancy, the trophoblast invades
into the maternal myometrium and extracts nutrients from
maternal blood [104]. Conflict arises because while the
mother wants to limit trophoblast invasion, the placenta
invades deeply thereby extracting more nutrients [104,105].
Cooperation is necessary to balance invasion. Optimal placenta
invasion is deep enough into the maternal tissue to ensure the
fetus can absorb enough nutrients but shallow enough to pro-
tect the mother from syndromes such as placenta accreta
[104]. One obstetric syndrome that is related to the improper
balance of conflict and cooperation is pre-eclampsia. Conflict
theory suggests that fetal actions need to be distinguished
from maternal responses in pre-eclampsia [104,105].

General conflict between the mother and the fetus can be
mediated by genetic processes such as gene imprinting.
Imprinted genes are those genes in which only one parental
allele is expressed, whereas the other allele is silenced
through mechanisms such as DNA methylation [106,107].
Conflict theory predicts that maternally expressed imprinted
genes restrict fetal growth by retaining maternal resources. By
contrast, paternally expressed imprinted genes promote fetal
growth and maximize resource extraction [108,109]. Despite
the conflict arising from genomic imprinting, cooperation
between the mother and fetus is important in regard to
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nutrient exchange and fetal size. If the mother fails to provide
the fetus with enough resources, the fetus will have a low
birth-weight, which leads to complications later in their
adult life, and possibly reduced reproductive success [97,98].

Cooperation can also be observed in the maternal immune
system, because it tolerates non-self-paternal antigens
expressed in the placenta, which is considered a semi-allograft
[18,110]. Obstetric syndromes such as pre-eclampsia have been
posited to result from excessive conflict between the mother
and the fetus as well as a breakdown in maternal—fetal
cooperation [111]. This balance of cooperation and conflict is
heightened at the human maternal—fetal interface, because
the intimate haemochorial placenta has more contact with
maternal blood (and by extension paternally expressed alleles),
than in less intimate endotheliochorial and epitheliochorial
placentas [18].

The placenta varies across eutherian species and this variation
should be considered when developing animal models to study
human diseases associated with placental dysfunction. While

many animal models have mimicked several of the symptoms
associated with placental dysfunction, it is unsure how applicable
any of these results would be to the human condition [27]. One
possible approach would be to examine naturally occurring con-
ditions that in humans are associated with obstetric syndromes.
For example, species with less intimate maternal-fetal interfaces
(e.g. artiodactyls, lemurs) might be appropriate models for
pre-eclampsia, because the syndrome is characterized by less pla-
centa invasion [81]. Primate models, including natural examples
of environmental stress in humans, are promising because factors
such as hypoxia or nutritional stress modify the placenta, and
therefore provide insight into complex obstetric syndromes
associated with placental dysfunction.
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